The intracellular trafficking of chemokine receptors plays an important role in fine tuning the functional responses of neutrophils and lymphocytes in inflammatory process and HIV infection.
Introduction
The chemokines are a family of small proteins that regulates leukocyte trafficking and are therefore important in lymphoid organogenesis, inflammation, and host defense. Based on the presence of the conserved cysteines near the N-terminus of chemokines, chemokines can be classified into CC, CXC, CX3C and C subfamilies (1) (2) (3) (4) . The effects of chemokines on target cells are mediated by a family of G protein-coupled seven transmembrane receptors (GPCRs).
Chemokine receptors are predominantly expressed in neutrophils and lymphocytes. To date, there are 19 chemokine receptors identified, including 11 CC chemokine receptors (CCR1-11), 6 CXC chemokine receptors (CXCR1-6), and one for each C and CX3C chemokine receptors (4) .
These receptors play an important role in inflammatory response, chemotaxis, immune cell development, leukocyte homing, and angiogenesis (5, 6) . Some of the chemokine receptors (e.g. CCR5 and CXCR4) play a role as a co-receptor in HIV infection (7) .
Like other types of GPCRs, agonist occupancy of chemokine receptors activates the coupled heterotrimeric G proteins which mobilize intracellular second messengers such as inositol trisphosphates, cyclic AMP, and intracellular free calcium (8) . The receptors are rapidly phosphorylated by G protein-coupled receptor kinases and/or protein kinase C, followed by the receptor desensitization and internalization (9) (10) (11) . Many chemokine receptors internalize through clathrin-coated pits, a process that is facilitated by adaptor proteins such as -arrestins and adaptin 2 (12) (13) (14) (15) (16) (17) . The internalized receptors may be dephosphorylated in early endosomes by protein phosphatases (PPs) such as PP2A (18) . The dephosphorylated receptors are either recycled back to the cell surface, or transmitted to lysosomes for degradation (13) . The recycling and degradation rate might vary among different kinds of chemokine receptors. (12, 13) . The responses of neutrophils, the major infiltrate in the course of acute inflammation, could be regulated in part by the processes involving chemokine receptor internalization (18) (19) (20) . Moreover, chemokine-mediated block to HIV entry is associated with CCR5 internalization efficiency (21) . However, the mechanisms underlying the intracellular trafficking of chemokine receptors are not fully understood.
The intracellular trafficking of membrane receptors is tightly regulated by a subfamily of ras-like small GTPases (Rab GTPases). About 40 members of Rab GTPases have been identified, and each is believed to be specifically associated with a particular organelle or pathway. Among them, Rab4 is considered to be localized in both early and recycling endosomes (22) , Rab5 and Rab15 are localized in early endosomes (22) (23) (24) (25) , Rab11 and Rab25 in recycling endosomes (23, 23, (26) (27) (28) , and Rab7 as well as Rab9 in late endosomes (29, 30) . Because Rab9 is also present in the trans-Golgi network and regulates transport from late endosomes to the trans-Golgi network (30) , the more likely candidate responsible for the continuous fusion events between late endosomes and lysosomes is Rab7. Although the potential role of these Rab GTPases in the trafficking of GPCRs is largely unknown, some GPCRs, such as the dopamine D2 receptor and the 2-adrenergic receptor ( 2-AR), have been shown to be regulated by certain Rab GTPases (31) (32) (33) . 2-AR, a prototypical GPCR, internalizes into Rab5-and Rab4-positive endosomes (31) , and overexpression of dominant negative Rab5 and Rab4 blocks the receptor For personal use only. on . by guest www.bloodjournal.org From internalization and recycling, respectively (31) . However, due to the enormous number of GPCRs and the diverse cellular function evoked by each individual receptor, it is conceivable that multiple mechanisms may be employed for receptor trafficking. In contrast to the available data on Rab GTPases and the 2-AR, little is known about the role of these Rab GTPases in regulating the intracellular trafficking of chemokine receptors. In this paper, we demonstrate that after agonist-induced internalization, the CXCR2 chemokine receptor becomes progressively associated with Rab5, Rab11a and Rab7 positive endosomes, and overexpression of the dominant negative mutants of Rab5, Rab11a and Rab7 specifically block the receptor internalization, recycling and lysosomal sorting, respectively.
Materials and Methods

Plasmids
CXCR2 in pRC/CMV was constructed previously (34) . The plasmids of EGFP-Rab5, EGFPRab5-Q79L, and EGFP-Rab5-S34N were generous gifts from Dr. Stephan S. G. Ferguson (31) .
The plasmids of EGFP-Rab11a, EGFP-Rab11a-S20V, and EGFP-Rab11a-S25N were constructed as described previously (35) . The plasmids of Rab7, Rab7-Q67L, Rab7-T22N, EGFP-Rab7, EGFP-Rab7-Q67L, and EGFP-Rab11-T22N were generous gifts from Angela Wandinger-Ness (36) . The wild-type or mutant Rab11a in pCDNA3.1 were constructed by amplifying the fragments from the EGFP-Rab11 plasmids using PCR and insertion into the BamHI and XhoI sites.
Cell culture and transfection
Human embryonic kidney (HEK293) cells and rat basophilic leukemia (RBL-2H3) cells were both grown in Dulbecco's modified eagle's medium (DMEM), containing 10% fetal bovine 
Confocal visualization of agonist-induced internalization of CXCR2
Confocal microscopy was performed on a Zeiss LSM-410 laser scanning microscope using a Zeiss 63 × 1.3 NA oil immersion lens. HEK293 cells co-expressing CXCR2 and EGFP-Rab proteins were grown on coverslips. Cells were treated with carrier buffer or CXCL8 for different times, and fixed with methanol. Cells were washed with PBS and incubated with a mouse monoclonal CXCR2 antibody (Santa Cruz Biotechnology, Inc.) for 30 min. Cells were washed and incubated with a rhodamine-conjugated anti-mouse antibody (Molecular Probes) for 30 min.
Confocal microscopy was performed using dual excitation (488 nm, EGFP; 568 nm, rhodamine or Cy3) and emission (515-540 nm, EGFP; 590-610 nm rhodamine or Cy3) filter sets. To study the co-localization of CXCR2 with Lamp-1, cells were treated with CXCL8 for 4 h, fixed in 
Results
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Time-dependent internalization of CXCR2 into different endosomal compartments
It has been postulated that CXCR2 is internalized into endosomal compartments in response to agonist stimulation (13) . The small GTPases Rab5, Rab11a and Rab7 are localized in the early, recycling and late endosomes, respectively, and broadly regulate the intracellular trafficking and membrane fusion of endocytic vesicles (37) . Here we determined whether agonist induced the internalization of CXCR2 into these small GTPase containing endosomes. To visualize the colocalization of CXCR2 with these EGFP-Rab proteins, HEK293 cells and RBL-2H3 cells stably expressing CXCR2 were transiently transfected with plasmids encoding EGFP-tagged Rab5, Rab11a, and Rab7, respectively. HEK293 cells were treated with CXCL8 (200 nM) for different times and the localization of CXCR2 and EGFP-Rab proteins was determined by confocal microscopy. As shown in Fig. 1 , before agonist stimulation, CXCR2 was expressed predominantly on the cell surface, whereas the EGFP-tagged Rab5, Rab11a and Rab7 were located largely in the cytoplasm (Fig. 1A, 2A, 3A) . In response to agonist stimulation, the internalized CXCR2 was found to be partially co-localized with the EGFP-Rab5 (Fig. 1B, C ) and the EGFP-Rab11a (Fig. 2B, C) , and co-localization lasted for at least 1 h (Fig. 1C, 2C ). After prolonged agonist exposure (4 h), CXCR2 was retained in the cytoplasm but the co-localization of the internalized receptor with EGFP-Rab5 and EGFP-Rab11a was significantly decreased (Fig. 1D, 2D ). These data suggest that CXCR2 might have been transported to late endosomes after the prolonged agonist stimulation. This is supported by the observation that after agonist treatment for 1 h, little co-localization of CXCR2 with EGFP-Rab7 was observed (Fig. 3B ), while after treatment for 4 h and 6h, there was a significant co-localization of CXCR2 with EGFP-Rab7 ( Fig. 3C and 3D ). Similarly, in RBL-2H3 cells co-expressing CXCR2 and the EGFP-tagged Rab proteins, CXCL8 treatment for 1 h resulted in a significantly co-localization o C for different times indicated, the fixed in methanol. Cells were incubated with a mouse monoclonal anti-CXCR2 antibody for 30 min, followed by incubation with a rhodamine-conjugated anti-mouse antibody for 30 min. Representative laserscanning confocal micrographs from three independent experiments demonstrating the distribution of CXCR2 (red), EGFP-Rab11a (green) and co-localization of CXCR2 with EGFP-Rab11a (yellow) are shown. Images were processed using Photoshop software. Bars, 10 µm. o C for different times indicated, then fixed in methanol. Cells were incubated with a mouse monoclonal anti-CXCR2 antibody for 30 min, followed by incubation with a rhodamine-conjugated anti-mouse antibody for 30 min. Representative laser-scanning confocal micrographs from three independent experiments demonstrating the distribution of CXCR2 (red), EGFP-Rab7 (green) and colocalization of CXCR2 with EGFP-Rab7 (yellow) are shown. Images were processed using Photoshop software. Bars, 10 µm.
It may raise the questions whether the CXCR2 antibody used specifically recognizes the receptor and whether the EGFP-Rab proteins overexpressed exhibit the same pattern and behavior as the endogenous ones? The specificity of the CXCR2 immunostaining was determined in HEK293 cells stably expressing or not expressing CXCR2. Only the cells expressing CXCR2 exhibited specific fluorescence on the cell surface (Fig. 4A) , whereas the cells without transfection of the receptor cDNA did not show any specific fluorescence (Fig. 4B ).
To determine whether CXCR2 co-localizes with the native Rab proteins, HEK293 cells stably expressing CXCR2 were treated with CXCL8 for 1 h or 4 h, followed by immunostaining with an antibody mixture containing a monoclonal CXCR2 antibody and a rabbit antibody for Rab5, or Rab11a, or Rab7. As shown in Fig. 4 , CXCR2 exhibited partial co-localization with Rab5 (Fig. 4C, D) and Rab11a (Fig. 4E, F ) following 1 h of agonist treatment. After 4 h of agonist treatment, CXCR2 exhibited partial co-localization with native Rab7 (Fig. 4G, H) . These results, taken together with the data showing in Fig.1-3 , clearly demonstrate that the overexpressed EGFP-Rab proteins exhibited the same behavior as the endogenous Rab proteins, consistent with the results obtained previously (35) .
The time-dependent co-localization of CXCR2 with Rab5, Rab11a and Rab7 strongly suggests that there are at least two trafficking pathways for the receptor. At the early stage of trafficking, the internalized receptors are delivered predominantly to the early and recycling endosomes. However, after prolonged agonist treatment, the receptors are transported to late endosomes/lysosomes. By analyzing the percentage of CXCR2 co-localized with transferrin, which is known to be transported quickly into early and recycling endosomes (38) , it was revealed that 84.9 ± 9.2% of internalized receptors were co-localized with transferrin in response to agonist treatment for 1 h (Fig. 5A, E) . However, the co-localization was decreased to 30.2 ± 6.4% after agonist treatment for 4 h (Fig. 5 B, E) (p < 0.01). Using LDL as a lysosomal probe (39) to analyze the percentage of CXCR2 transported to lysosomes, it was revealed that 18.8 ± 6.4% of internalized receptors were co-localized with LDL after agonist treatment for 1 h (Fig.   5C, E) , but the co-localization was remarkably increased to 67.8 ± 8.5% following 4 h of agonist exposure (Fig. 5 D, E) (p < 0.01).
CXCR2 internalization is regulated by Rab5
To assess whether these Rab GTPases affect the receptor endocytosis, HEK293 cells stably expressing CXCR2 were transiently transfected with plasmids for EGFP-tagged Rab5, Rab11a and Rab7, respectively, and the ligand-bound receptor internalization was measured by radioligand binding assay. The ligand-bound CXCR2 internalization was not affected by overexpression of the EGFP-tagged wild-type Rab5, Rab11a or Rab7 (Fig. 6A, B, C) .
Interestingly, overexpression of a dominant negative mutant Rab5-S34N significantly attenuated the internalization of CXCR2 (Fig. 6A) , whereas the dominant negative mutants of Rab11a and Rab7 exhibited little effect on the receptor internalization (Fig. 6B, C) . The inhibitory effect of the dominant negative Rab5 mutant on the internalization of CXCR2 was confirmed by confocal microscopy. As shown in Fig. 7 , CXCR2 was internalized into the cells expressing EGFP-Rab5-Q79L (constitutively active mutant) in response to agonist treatment for 30 min. The internalized receptor was co-localized with the EGFP-Rab5-Q79L (Fig. 7A, B) . However, the dominant negative EGFP-Rab5-S34N mutant exhibited a diffuse cytosolic distribution in contrast to the wild-type EGFP-Rab5 protein. Agonist-activated CXCR2 did not co-localize with the EGFPRab5-S34N mutant in this compartment (Fig. 7C, D) .
was observed inside the cells expressing EGFP-Rab5-S34N, the majority of CXCR2 staining was localized to vesicles that appeared to be either associated with or retained close to the cell surface (Fig. 7C) . These data suggest regulation of CXCR2 internalization by Rab5. 
CXCR2 recycling is regulated by Rab11a
Previous studies on neutrophils have shown that internalized CXCR2 are recycled back to the plasma membrane on free ligand (CXCL8) removal and recovery of the cells at 37 o C (40). 125 I-CXCL8 remaining at the cell surface was removed with acetic acid (0.2 M, pH. 2.5) containing 0.5 M NaCl, and the internalized 125 I-CXCL8 was quantified on a -counter. Values represent the mean ± SEM of three independent experiments performed in duplicate. The data were analyzed using Student's paired t-test (*, p < 0.05).
Rab11a, which is localized in the recycling endosomes, has been demonstrated to play a role in receptor recycling. The co-localization of the agonist-activated CXCR2 with EGFP-Rab11a ( For personal use only. on April 15, 2017. by guest www.bloodjournal.org From induced CXCR2 internalization was not elicited. As shown in Fig. 8 , without recovery, the internalized receptor levels are comparable among the control cells (transfected with vector) (Fig. 8A and J) , cells overexpressing Rab11a (Fig. 8D, J) , and cells overexpressing Rab11a-S25N (Fig. 8G, J) . Following removal of the agonist and recovery of the cells at 37 o C, CXCR2 was re-expressed on the cell membrane. On incubation at 37 o C for 30 min, CXCR2 expression was restored to 55.4 ± 4.9% of the level in the control cells (Fig. 8B, J) . Recovery of receptor expression to 76.9 ± 6.3% was observed following 1 h of incubation (Fig. 8C, J) . Overexpression of wild-type Rab11a did not affect the recovery of CXCR2 (57 ± 6.3% for 30 min of incubation, 78.4 ± 8.1% for 1 h of incubation) (Fig. 8E, F, J) . In contrast, in the cells overexpressing Rab11a-S25N, the recovery levels of CXCR2 were significantly reduced (35.5 ± 2.4% for 30 min of incubation, 44.8 ± 3.8% for 1 h of incubation) (Fig. 8H, I, J) . The effect of Rab11a on the recycling of CXCR2 was confirmed by confocal microscopy. (constitutively active mutant) or EGFP-Rab11a-S25N (dominant negative mutant). Fig. 9 shows the different pattern of distribution between EGFP-Rab11a-S20V and EGFP-Rab11a-S25N.
EGFP-Rab11a-S20V was punctated in the cytoplasm as the expression pattern of wild-type Rab11a (Fig. 9B, D) . In contrast, EGFP-Rab11a-S25N exhibited diffused cytosolic distribution (Fig. 9F, H) . To observe the receptor recycling, we incubated the cells with CXCL8 for 30 min at Fig. 9 , without recovery, CXCR2 was localized in the cytoplasm in the cells expressing either EGFP-Rab11a-S20V (Fig. 9A, B) or EGFP-Rab11a-S25N (Fig. 9E, F) . Following removal of the agonist and recovery of the cells at 37 o C for 1 h, a large proportion of CXCR2 was re-expressed on the cell surface in the cells overexpressing EGFP-Rab11a-S20V (Fig. 9C, D) , but not in the cells overexpressing EGFP-Rab11a-S25N (Fig. 9G, H) . In Fig. 9C , the small arrows indicate that CXCR2 was recycled back to the cell surface in the cells overexpressing EGFP-Rab11a-S20V.
In Fig. 9G , the large arrow indicates that CXCR2 was retained in the cytoplasm in the cells overexpressing EGFP-Rab11a-S25N. As an internal control in Fig. 9G , in the cell without overexpression of EGFP-Rab11a-S25N (without arrow), the receptor was mostly recycled back to the cell surface. These data strongly suggest regulation of CXCR2 recycling by Rab11a. 
Rab7 is required for the transport of CXCR2 to lysosomes
We have demonstrated in Fig. 5 that CXCR2 was co-localized with LDL in response to agonist treatment for 4 h, suggesting that a proportion of CXCR2 was transported into lysosomes. To determine whether Rab7 is involved in lysosomal sorting of CXCR2, HEK293 cells stably coexpressing CXCR2 and the wild-type Rab7 or dominant negative mutant Rab7-T22N were treated with CXCL8 (200 nM) for 4 h, and the co-localization of CXCR2 with Lamp-1, was determined by confocal microscopy. CXCR2 was co-localized with LAMP-1 in the control cells o C for 4h. Cells were fixed with methanol, and incubated with a mixture of a rabbit CXCR2 antibody and a mouse monoclonal Lamp-1 antibody for 30 min, followed by a mixture of a FITC-conjugated anti-rabbit antibody and a rhodamine-conjugated anti-mouse antibody for 30 min. Representative laser-scanning confocal micrographs from independent experiments demonstrating the distribution of CXCR2 (red), Lamp-1 (green), and the co-localization of CXCR2 with Lamp-1 (yellow) are shown. (D-E) Co-localization of LDL-with LAMP-1. HEK293 cells stably expressing Rab7 (D) or Rab7-T22N (E) were incubated with Dil-LDL (40 µg/ml) at 37 o C for 4 h, then fixed in methanol. Cells were incubated with a monoclonal LAMP-1 antibody followed by incubation with a FITCconjugated anti-mouse antibody. Representative confocal micrographs from three independent experiments demonstrating the distribution of LDL (red), Lamp-1 (green), and the co-localization of LDL with Lamp-1 (yellow) are shown. Images were processed using Photoshop software. Bars, 10 µm. (Fig. 10A) , which is consistent with the co-localization of the receptor with LDL shown in Fig.   5 . Interestingly, the co-localization of CXCR2 with Lamp-1 appeared to be increased in the cells over-expressing wild-type Rab7 proteins (Fig. 10B) . In contrast to wild-type Rab7, which did not change the perinuclear aggregation of lysosomes (Fig. 10B) , over-expressing a dominant negative mutant Rab7-T22N significantly changed the morphology of the Lamp-1 staining. As shown in Fig. 10C that Lamp-1 staining became smaller and dispersed through out the cytoplasm in the cells overexpressing Rab7-T22N, and the co-localization of CXCR2 with Lamp-1 was significantly decreased (Fig. 10C ). Rab7-T22N has been shown to block the lysosomal sorting of LDL for degradation (41) , so that the co-localization of LDL with LAMP-1 in the Rab7 or Rab7-T22N expressing cells could be considered as a positive control for the effect of Rab7 on the transport of CXCR2 to lysosomes. Cells were loaded with Dil-LDL for 4 h, and the colocalization of LDL with LAMP-1 was examined by confocal microscopy. As expected, LDL strongly co-localized with LAMP-1 in the cells overexpressing Rab7 (Fig. 10D) , but the colocalization was remarkably reduced in the cells overexpressing Rab7-T22N (Fig. 10E) . These data suggest that CXCR2 is targeted to degradation in lysosomes after prolonged agonist treatment, and Rab7 plays a role in the transport of the receptor to lysomoses.
The above data suggest that CXCR2 is transported from early endosomes to late endosomes/lysosomes, thus blocking the lysosomal sorting by overexpressing the dominant negative mutant Rab7-T22N may result in retention of the receptors in the early endosomes. In addition, because CXCR2 may traffic from early to recycling endosomes, blocking the lysosomal sorting may also result in the retention of some receptors in the recycling endosomes. To test this hypothesis, HEK293 cells stably co-expressing CXCR2 and Rab7 or Rab7-T22N were transiently transfected with cDNAs for EGFP-Rab5 or EGFP-Rab11a. The cells were treated (Fig. 1D, 2D, 3D ). As anticipated, CXCR2 exhibited little co-localization with the EGFP-Rab5 and EGFP-Rab11 in the cells overexpressing wild-type Rab7 (Fig. 11A, C) following CXCL8 treatment for 4 h. However, the co-localization of CXCR2 and EGFP-Rab5 or EGFP-Rab11a was remarkably increased in the cells overexpressing Rab7-T22N (Fig. 11B, D) . These data suggest that blocking the late endosomal/lysosomal sorting by overexpressing Rab7-T22N results in the retention of the receptor in early and recycling endosomes.
LDL is transported quickly from early endosomes to late endosomes/lysosomes after uptake (39) . To examine whether overexpression of Rab7-T22N results in retention of LDL in early endosomes, HEK293 cells stably expressing Rab7 or Rab7-T22N were transfected with EGFP-Rab5. Cells were loaded with Dil-LDL (40 µg/ml) for 4 h, and the co-localization of the Dil-LDL with EGFP-Rab5 was determined by confocal microscopy. As anticipated, there was little co-localization between LDL and EGFP-Rab5 in the Rab7 expressing cells (Fig. 11E) .
However, in the Rab7-T22N expressing cells, LDL exhibited significantly increased colocalization with the EGFP-Rab5 (Fig. 11F ). These data, taken together with the effect of Rab7-T22N on the morphological alteration of lysosomal compartments (Fig. 10 C, E) , suggest that Rab7-T22N causes the disorganization of lysosomes, thus blocks the protein transport from early endosomes to lysosomes.
Discussion
To gain insight into the intracellular trafficking pathway of CXCR2 and to determine the fine tuning of the receptor transport among endosomal compartments, we focused on the regulation of CXCR2 trafficking by various Rab GTPases, which have been implicated principally in the For personal use only. on . by guest www.bloodjournal.org From control of membrane budding, transport, vesicle docking and membrane fusion (37) . CXCR2 is predominantly expressed in neutrophils, but due to the technical difficulties in transfection and confocal microscopy using the suspended neutrophils, we utilized a well-characterized model system (HEK293 cells) in which the receptor and the EGFP-tagged Rab GTPases are overexpressed. This system was shown to highly resemble neutrophils, in terms of ligand binding affinity, receptor-G protein coupling, homologous desensitization, internalization, and recycling of CXCR2 (12, 13, (42) (43) (44) . The present study demonstrated that multiple Rab GTPases are involved in the intracellular trafficking of CXCR2 in HEK293 cells. To provide evidence that these Rab proteins play the same role in the receptor trafficking in some other cell lines, we also determined the co-localization of CXCR2 with these Rab proteins in RBL-2H3 cells, which are widely used for the studies of chemokine receptors.
Endocytosis is characterized by vesicular transport along numerous pathways. Common steps in each pathway include membrane budding to form vesicles, transport to a particular destination, and ultimately docking and fusion with the target membrane. Agonist-bound CXCR2 appears to internalize into vesicles through a dynamin-mediated formation of clathrincoated pits (13) , after which the receptors are rapidly transported into early and recycling endosomal compartments. This is evident by the co-localization of the receptor with Rab5 (29), Rab11a (23), and transferrin (38) . However, prolonged agonist exposure results in transport of the receptor to late endosomes and lysosomes, as can be seen by the co-localization of the receptor with Rab7, LDL, and LAMP-1.
CXCR2 internalization appears to be regulated by Rab5, based on the data that overexpression of a dominant negative mutant Rab5-S34N attenuated the internalization of the ligand-bound CXCR2. Rab5 is important for sequestering receptors into clathrin-coated pits, subsequent fusion of vesicles with early endosomes, as well as homotypic fusion between early endosomes (45, 46) . Rab5-S34N likely prevents CXCR2 endocytosis prior to the pinching off of the clathrin-coated vesicles from the plasma membrane. We also observed that the internalized CXCR2 was co-localized with the constitutively active mutant Rab5-Q79L. However, in contrast to D2 dopamine receptor (33) , overexpression of Rab5-Q79L did not significantly facilitate the internalization of CXCR2 as measured by radioligand binding assay. These data are consistent with the report demonstrating that overexpression of Rab5-Q79L did not enhance 2-AR internalization (31) . Consequently, these data clearly demonstrated that Rab5 plays an important role in regulating the sequestration and endosomal membrane fusion of the endocytic vesicles that contain the internalized CXCR2.
CXCR2 has been demonstrated to co-localize with Rab11a upon agonist exposure (47).
An interesting observation in this study is that CXCR2 was co-localized with Rab11a in the same time frame as the co-localization of the receptor with Rab5. Rab11a, which is concentrated in recycling endosomes, was initially demonstrated to be important for transferrin transport through recycling endosomes in non-polarized cells (48, 49) Previous studies have demonstrated that prolonged agonist stimulation induces degradation of CXCR2 (9, 13, 24) . The inhibition of CXCR2 degradation by the lysosomal inhibitor cloroquine (data not shown) suggests that CXCR2 is degraded in lysosomes. We observed a dramatic increase in the co-localization of CXCR2 with Rab7 in response to prolonged agonist stimulation (4 h). In the mean time, CXCR2 was found to be co-localized with Lamp-1 and LDL. These data suggest that most of the internalized CXCR2 is transported from early endosomes to late endosomes/lysosomes upon prolonged ligand stimulation. In addition, studies on CXCR4 trafficking also demonstrated that CXCR4 co-localized with Lamp-1 after 3 h of CXCL12 treatment (50). It is not clear why it takes longer time for the lysosomal sorting of the chemokine receptors than that of LDL.
Rab7 likely plays an important role in the transport of CXCR2 to lysosomes. The inhibition of the lysosomal sorting of CXCR2 by the over-expression of the dominant negative mutant Rab7-T22N could be explained in two different ways. One interpretation is that Rab7 plays a role in transport of the internalized receptor from late endosomes to lysosomes, which is hypothesized by Meresse et al. based on their observation that a GTPase-defective Rab7 mutant (constitutively active) exhibits enhanced association with lysosomes (51) . In contrast to the cells expressing the wild-type Rab7 which showed aggregation of lysosomes in the perinuclear region, in the cells over-expressing the dominant negative Rab7-T22N mutant, the perinuclear lysosome aggregation disappeared and lysosomes identified by Lamp-1 became dispersed through out the cytoplasm. Thus Rab7 is considered to control the aggregation and fusion of late endocytic For personal use only. on . by guest www.bloodjournal.org From structures/lysosomes, which is essential for maintenance of the perinuclear lysosome compartment (52) . The second interpretation is that Rab7 is essential for the transport from early to late endosomes (53) . This hypothesis is supported by our observation that overexpression of the dominant negative Rab7-T22N mutant, which blocks the transport of CXCR2 to lysosomes, resulted in the retention of CXCR2 in the Rab5-positive early endosomes. In addition, because there is a pathway from early to recycling endosomes, it is anticipated that overexpression of the dominant negative Rab7-T22N mutant resulted in the localization of CXCR2 in recycling endosomes.
Taken together, this study clearly demonstrated that the chemokine receptor CXCR2 undergoes recycling pathway and lysosomal sorting pathways under different conditions. CXCR2 is sequestered into early endosomes upon agonist exposure, then the receptors are delivered to recycling endosomes, from where they are partially recycled back to the cell membrane after removal of the agonist, although the recycling rate is very slow (54) . In the prolonged presence of saturated concentration of agonist, CXCR2 is transported predominantly to lysosomes for degradation, but this process is relatively slow compared to the quick lysosomal sorting of LDL (39) . These data are important for understanding the regulation of the receptor functions under physiological and pathological conditions. It is well known that one of the most important functions of chemokine receptors is to mediate chemotaxis of neutrophils and lymphocytes to the inflammatory sites, and receptor internalization and recycling have been postulated to play an important role in this process (12, 13, 55) . Neutrophils and lymphocytes are migrated to the inflammatory sites along the gradient concentrations of chemokines. When the cells are far away from the inflammatory sites where the chemokine concentrations are relatively low, some internalized chemokine receptors are able to undergo recycling and resensitization, so 
